Introduction
Actinomycetes are high GC Gram-positive, mainly soilinhabiting bacteria, and many of them show a filamentous growth. Filamentous actinomycetes are often characterized by a complex morphological development. However, although morphological development of Streptomyces has been studied extensively and deeply (Horinouchi and Beppu, 2007; Fl€ ardh and Buttner, 2009; McCormick and Fl€ ardh, 2012; Chater, 2016) , almost no genetic studies of the morphogenesis of other filamentous actinomycetes have been conducted, even though some of them show more complex morphological differentiation than Streptomyces. For example, members of the genus Actinoplanes have a very interesting life cycle as described below. They form a substrate mycelium from a germinating spore and subsequently produce terminal sporangia growing from the substrate mycelium through short sporangiophores (Couch, 1963) . Terminal sporangia contain flagellated spores, and in response to water and unknown substance(s) in soil extracts, they open up to release the spores, a process referred to as dehiscence (Higgins, 1967; Uchida et al., 2011) . After release from the sporangia, spores, which are termed zoospores, can swim in aquatic environments and show chemotactic properties toward various substances such as aromatic compounds, sugars and amino acids. When reaching a niche for vegetative growth, the zoospores stop swimming and begin to germinate (Arora, 1986; Hayakawa et al., 1991) .
Actinoplanes missouriensis, a well-characterized member of the genus, forms globose or subglobose terminal sporangia that contain a few hundred spherical spores each on sporangium-forming HAT (humic acidtrace element) agar (Yamamura et al., 2012) . On HAT agar, small sporangium-like structures are observed after 2 or 3 days of cultivation. Then, mature sporangia that can release spores under dehiscence-inducing conditions are formed after incubation for 5-7 days. In contrast, vegetative hyphae are formed and no sporangium is observed on nutrient-rich YBNM (yeast extract-beef extract-NZ amine-maltose monohydrate) agar. There is also no sporangium formed in PYM (peptone-yeast extract-MgSO 4 ) liquid medium. Sporangium dehiscence and spore release in A. missouriensis can be induced by pouring soil extract or 25 mM NH 4 HCO 3 solutions onto sporangia formed on HAT agar (Jang et al., 2016; Mouri et al., 2017) . Alternatively, we can induce sporangium dehiscence by incubating the sporangia harvested from HAT agar in 25 mM histidine solution (our unpubl. obs.) . Recently, we revealed that the BldD ortholog AmBldD (AMIS62190) is essential for normal developmental processes in A. missouriensis (Mouri et al., 2017) . AmBldD is actively produced during vegetative growth and presumably represses the transcription of the genes responsible for sporangium formation by binding to a 19-bp palindromic sequence (AmBldD box), 5 0 -nn(G/A)TnACn(C/G)n(G/C)nGTnA(C/T)nn-3 0 . Thus, AmBldD controls the timing of the transition from vegetative growth to sporangium formation. The signaling molecule cyclic-di-GMP (c-di-GMP) mediates the dimerization of BldD to form the BldD 2 -(c-di-GMP) 4 complex that can bind target DNA sequences in Streptomyces venezuelae (Tschowri et al., 2014; Schumacher et al., 2017) . We also observed that the DNA-binding activity of AmBldD was enhanced in the presence of c-di-GMP in vitro (Mouri et al., 2017) .
The bacterial flagellum is a complex molecular machine, and it is composed of the following substructures: cytoplasmic ring (C ring), membrane and supramembrane ring (MS ring), rod, hook and filament. In addition to these, Gram-negative bacteria have a peptidoglycan ring (P ring) and lipopolysaccharide ring (L ring) (Macnab, 2003; Chevance and Hughes, 2008) . Flagellar biogenesis is tightly regulated at the transcriptional level. In Salmonella, for example, the flagellar genes are arranged in a regulatory cascade composed of class 1, 2 and 3 genes (Kutsukake and Iino, 1994; Chilcott and Hughes, 2000) . Two class 1 genes, flhC and flhD, encode the transcriptional regulator FlhDC required for the activation of class 2 genes. Class 2 genes include fliA, flgM and genes encoding the hookbasal body (HBB) complex. FliA is a sigma factor (r 28 ) responsible for the transcription of class 3 genes, and FlgM is an anti-sigma factor against FliA. When the HBB complex is formed, FlgM is secreted through the HBB central channel, generating active FliA. Then, FliA interacts with RNA polymerase to direct the transcription of class 3 genes, such as flagellin and filament cap-encoding genes. In this way, the temporal order of flagellar gene expression correlates with the assembly order of the encoded proteins (Macnab, 2003) . In A. missouriensis, the components of the flagellum are encoded in a large flagellar gene cluster and fliQ, which is located apart from the gene cluster (Jang et al., 2016) . The membrane-associated protein FliQ is a component of the flagellar secretion gate of the export apparatus, which is required for the formation of hook and filament (Macnab, 2003) . In contrast to the regulatory mechanism in Salmonella, we previously reported that all of the flagellar genes are simultaneously transcribed during sporangium formation in A. missouriensis (Jang et al., 2016) . In addition, the observation that transcriptional levels of the flagellar genes were similar between the wild-type (wt) and fliQ deletion strains indicated that flagellar gene transcription is not regulated by the completion of the HBB assembly (Jang et al., 2016) . Therefore, the regulatory mechanism for flagellar biogenesis in A. missouriensis appears to be fundamentally different from that in Salmonella.
To elucidate the regulatory mechanism of flagellar gene expression in A. missouriensis, we focused on a gene immediately adjacent to the chemotaxis 1 (che-1) gene cluster flanked with the flagellar gene cluster (Fig. 1A) . The gene (AMIS76580) encodes a protein that is predicted to function as a two-component regulatory system response regulator. Herein, we name AMIS76580 TcrA for its predicted function. In this study, we describe the functional analysis of TcrA, revealing that TcrA is a global transcriptional regulator involved not only in flagellar gene expression but also in many aspects of sporangium formation in A. missouriensis.
Results
TcrA, an orphan response regulator, is actively produced during sporangium formation Using Blast analysis, we found that orthologs of TcrA are highly conserved among all of the fourteen Actinoplanes bacteria whose genome sequences and gene annotations have been registered in the NCBI genome database (https://www. ncbi.nlm.nih.gov/genome/) (more than 96% identity in amino acid sequences; Supporting Information Fig. S1 ). Proteins showing high homologies with TcrA were also found in other rare actinomycetes. In Micromonospora pattaloongenesis, a protein showing 85% identity with TcrA is encoded near a chemotaxis-flagellar gene cluster. It should be noted that only Micromonospora pattaloongensis has such a chemotaxisflagellar gene cluster among 62 Micromonospora bacteria whose genome sequences and gene annotations have been registered. In Catenuloplanes japonicus, a protein showing 90% identity with TcrA is encoded next to a chemotaxis gene cluster. In this bacterium, however, a flagellar gene cluster is located far from the TcrA homolog gene. TcrA (232 amino acid residues) contains a response regulator receiver domain and a transcriptional regulatory DNA-binding domain with a winged helix-turn-helix motif in its Nterminal and C-terminal regions, respectively, and is a member of the OmpR-like response regulators (Kenney, 2002) . The Asp-52 in the receiver domain is a probable residue that is phosphorylated by its partner sensor histidine kinase(s) (Supporting Information Fig. S2 ). TcrA is considered as an orphan response regulator, because there is no sensor histidine kinase gene near the tcrA locus. At first, we hypothesized that TcrA should play a pivotal role in the transcriptional regulation of the che-1 and flagellar gene clusters.
We analyzed the transcript levels of tcrA in the wt strain by reverse transcription-quantitative polymerase chain reaction (qRT-PCR) analysis. The tcrA transcripts were hardly detected in vegetative hyphae cultivated in PYM liquid at 308C for 48 h and slightly detected in substrate hyphae cultivated on HAT agar at 308C for 24 h (Fig. 1B , bars V and S 1 ). In contrast, the transcripts were abundantly detected in the mixtures of substrate hyphae and sporangia formed on HAT agar at days 3 and 6 (Fig. 1B , bars S 3 and S 6 ). The transcript levels decreased through the process of sporangium dehiscence (Fig. 1B, bars D 0 , D 15 and D 60 ). The transcripts further decreased in germinating cells (Fig. 1B, bar G) , whose level is similar to that in the substrate hyphae formed on HAT agar.
We also examined the amount of TcrA by western blotting using a newly generated polyclonal anti-TcrA antibody. TcrA was hardly detected in cell lysates of vegetative hyphae in PYM liquid and substrate hyphae formed on HAT agar (Fig. 1C , lanes V and S 1 ), and weakly detected in cell lysate of the mixture of vegetative hyphae and immature sporangia cultivated on HAT agar at 308C for 3 days (Fig. 1C, lane S 3 ). In contrast, TcrA was abundantly detected in the mixture of substrate hyphae and sporangia cultivated on HAT agar for 6 days (Fig. 1C, lane S 6 ). In accordance with the result of qRT-PCR, TcrA protein levels decreased through Fig. 6A . B. Transcript levels of tcrA. The amount of the transcript was examined by qRT-PCR analysis. The rpoB transcript was used as an internal standard. Data are the mean values from three biological replicates 6 standard deviations. C. Protein levels of TcrA. TcrA was detected using anti-TcrA polyclonal antibody (top). A CBB-stained gel is shown to check the amount of proteins in each sample (bottom). RNA and protein samples were prepared from vegetative mycelium grown in PYM liquid medium for 48 h (V), substrate hyphae grown on HAT agar for 24 h (S 1 ), mixtures of substrate hyphae and sporangia grown on HAT agar for 3 and 6 days (S 3 and S 6 ), sporangia (including some amount of substrate hyphae) incubated in 25 mM histidine solution for sporangium dehiscence for 0, 15 and 60 min (D 0 , D 15 and D 60 ) and germinating cells prepared by incubating zoospores in PYM liquid medium at 308C for 4 h (G). sporangium dehiscence (Fig. 1C, lanes D 0 , D 15 and D 60 ). The amount of TcrA further decreased in cell lysate extracted from germinating cells (Fig. 1C, lane  G) . Thus, all these results show the following tcrA expression pattern. tcrA expression is kept at low levels in vegetative growth but is activated during sporangium formation. Then, it significantly decreases through the process of sporangium dehiscence and reaches the basal level in germinating zoospores.
Transcription of tcrA is repressed by AmBldD
We determined the transcriptional start points of tcrA to be 144 and 181 nucleotides upstream from the translational start codon by high resolution S1 nuclease mapping ( Fig. 2A and B) . Interestingly, we found a palindromic sequence similar to the AmBldD box in the promoter region of tcrA ( Fig. 2A) , suggesting that AmBldD directly regulates the transcription of tcrA. To examine whether AmBldD bound to this sequence, we used a recombinant polyhistidine-tagged AmBldD protein (AmBldD-NHis) (Mouri et al., 2017) for an electrophoretic mobility shift assay (EMSA) with a 32 P-labeled DNA probe that contained the AmBldD box. The probe produced a retarded signal in the presence of AmBldDNHis, indicating that the protein bound to this DNA fragment (Fig. 2C) . We speculate that some portion of the recombinant AmBldD-NHis protein formed the AmBldD 2 -(c-di-GMP) 4 complex, although no c-di-GMP was added to the reaction mixtures; the recombinant BldD protein was co-purified with endogenous c-di-GMP in Escherichia coli (Schumacher et al., 2017) . We also quantified the transcript levels of tcrA in the wt and AmbldD null (DAmbldD) mutant (Mouri et al., 2017) strains by qRT-PCR using RNA samples extracted from substrate hyphae cultivated on YBNM agar at 308C for 48 h (in this culture, AmBldD was shown to repress its target genes). As expected, the transcript level in the DAmbldD mutant was significantly higher than that in the wt strain (Fig. 2D) . These results indicate that AmBldD directly represses the tcrA transcription.
TcrA plays various roles in sporangium formation
To examine the in vivo function of TcrA, we generated a tcrA null (DtcrA) mutant strain (Supporting Information A. Nucleotide sequence alignment of the upstream regions of tcrA and its orthologs in Actinoplanes sp. SE50/110, Actinoplanes sp. N902-109 and Actinoplanes friuliensis. Transcriptional start points of tcrA are shown by bent arrows. Putative AmBldD box is indicated below the alignment. B. Transcriptional start points of tcrA determined by high-resolution S1 nuclease mapping. The arrowheads indicate the positions of the S1 nuclease-protected fragments. The 5 0 termini of the mRNA were assigned to the indicated positions because the fragments generated by the chemical sequencing reactions migrate 1.5 nucleotides further than the corresponding fragments generated by S1 nuclease digestion of the DNA-RNA hybrids (half a residue from the presence of the 3 0 -terminal phosphate group and one residue from the elimination of the 3 0 -terminal nucleotide). C. Binding of AmBldD-NHis to the tcrA promoter-containing region. The 401-bp DNA fragment was 32 P labeled and used as a probe in the EMSA. The amounts of AmBldD-NHis used are shown above the lanes. The positions of the wells and the AmBldD-NHis-bound probes are shown by open and closed triangles respectively. D. Transcript levels of tcrA. The amount of tcrA transcript was examined by qRT-PCR. 16S rRNA was used as an internal standard. Data are the mean values from three biological replicates 6 standard deviations. The DAmbldD/wt expression ratio (6.9-fold) was statistically significant (t test, p < 0.01).
Fig. S3).
No difference was observed between the wt and DtcrA mutant strains by macroscopic observation of mycelia or sporangia on YBNM and HAT agars (data not shown). To examine sporangium formation in detail, we observed the mycelia of the wt and DtcrA strains grown on HAT agar at 308C for 7 days by scanning electron microscopy (SEM). The wt strain produced normal globose or subglobose sporangia with short sporangiophores (Fig. 3A) . In contrast, the DtcrA mutant produced sporangia in squashed shapes, showing that sporangium formation did not proceed appropriately in the mutant (Fig. 3B ). Because the DtcrA mutant sporangia were observed in normal globose or subglobose shapes similar to those of the wt strain by light microscopy (Supporting Information Fig. S4 ) and transmission electron microscopy (TEM; see below), the mutant sporangia seemed to be forcibly squashed in the process of sample preparation for SEM analysis. Introduction of tcrA on a chromosome integration vector into the DtcrA mutant resulted in the restoration of normal sporangium formation (Fig. 3C) . In a parallel experiment, however, a mutated tcrA gene encoding TcrA D52N could not restore the sporangium formation to the DtcrA mutant (Fig. 3D ). This result suggests that phosphorylation at Asp-52 by a sensor histidine kinase(s) is required for the in vivo function of TcrA.
To examine spore maturation inside the sporangium, we performed TEM analysis of the sporangia of the wt and DtcrA strains grown under the same conditions as for SEM analysis. The wt strain produced normal round spores in similar sizes surrounded by sporangial walls (Fig. 3E ). In contrast, the DtcrA mutant produced many distorted spores (Fig. 3F ). To our surprise, several spores of the mutant ectopically germinated inside the sporangium, suggesting that spore dormancy is not kept properly in the DtcrA mutant (Fig. 3F ). We think that the germination tubes cause apparently very small cells observed in the TEM image of the DtcrA mutant sporangium; the diameter of germination tube is much smaller than that of spore (Fig. 3F ). Next, we attempted to examine the motility of zoospores, but no spore was released from the DtcrA mutant sporangia under a dehiscence-inducing condition when observed by light microscopy (data not shown). This suggested that sporangium dehiscence did not proceed at all or was severely inhibited in the DtcrA mutant. Then, we quantified the spores released from sporangia of the wt and DtcrA strains, both of which contained the empty vector pTYM19-Apra on the chromosome, by counting colonies formed on YBNM agar after incubation at 308C for 2 or 3 days. The wt sporangia formed on one HAT agar plate released approximately 10 8 spores under the dehiscence-inducing condition used in this assay (Fig. 4) . In contrast, the DtcrA sporangia released only 10 4 spores per one plate under the same condition (Fig. 4) . The number of spores released from sporangia was completely restored by the introduction of tcrA into the mutant (Fig. 4) . These results clearly show that TcrA is required for the formation of sporangia that are mature enough to dehisce and release spores.
TcrA activates transcription of more than 263 genes
Considering the significant phenotypic changes observed in the DtcrA mutant, we postulated that TcrA should have many target genes. Thus, we compared the transcriptomes between the wt and DtcrA mutant strains using an RNA sequencing (RNA-Seq) analysis. We used RNA extracted from the mixture of vegetative hyphae and sporangia grown on HAT agar for 6 days because TcrA was abundantly detected in this culture condition (Fig. 1C) . As a result, the amount of transcripts of 517 genes was greatly changed (over 4.0-fold), with 263 and 254 genes being down-and upregulated, respectively, in the DtcrA strain (Supporting Information Table S1 ). When a stricter threshold was employed (over 7.0-fold), the transcriptional levels of 244 genes were changed, with 204 and 40 genes being down-and upregulated, respectively, in the DtcrA mutant ( Fig. 5A and Supporting Information Tables S1 and S2). This indicated that TcrA mainly functions as a transcriptional activator similar to other known two-component system response regulators. Therefore, we hereafter focused on the 263 genes that were downregulated (over 4.0-fold) in the DtcrA mutant as the TcrA target gene candidates. We classified the 263 TcrA-upregulating genes by their putative functions based on the NITE annotation database (http://www.bio.nite.go.jp/dogan/category_search/ view/AM2) ( Fig. 5B and Supporting Information Table  S1 ). Characteristically, 28 (10.6%) and 55 genes (20.9%) belong to the categories of 'cell wall, transformation and competence' and 'sensor' respectively. Because the proportions of genes belonging to these two categories are 0.7 and 1.5%, respectively, in all the A. missouriensis genes, the genes of these two categories appear to be meaningfully enriched in the genes activated by TcrA (Fig. 5B) . The 28 genes classified into 'cell wall, transformation and competence' include 25 flagellar genes. The remaining three genes in this category are AMIS_35720, AMIS_62250 and AMIS_72280. Both AMIS_35720 and AMIS_62250 encode polysaccharide deacetylases, and AMIS_72280 encodes bifunctional glycosyltransferase/polysaccharide deacetylase. The 55 genes classified into the 'sensor' category are composed of 23 chemotaxis genes, 14 histidine kinase genes and 18 diguanylate cyclase/phosphodiesterase genes. This suggests that TcrA activates many genes involved in signal transduction not only for motility of zoospores but also for sporangium formation, maturation and/or dehiscence.
We integrated the 263 TcrA-upregulating genes into 185 transcriptional units based on the gene organizations and the transcriptional profiles in the wt strain obtained in our previous RNA-Seq analysis (Jang et al., 2016) . A computational search of upstream regions from the first open reading frames (ORFs) of these operons using the MEME algorithm (http://meme-suite.org/tools/ meme) produced two sequence motifs, 5 0 -CTCA-n 15-17 - The complementation strain (DtcrA/tcrA 1 ) harbors the tcrA complementation plasmid on the chromosome. The wt and DtcrA strains containing the empty vector pTYM19-Apra on the chromosome (wt::pTYM19-Apra and DtcrA::pTYM19-Apra) are used as positive and negative controls respectively. Each strain was cultivated on HAT agar at 308C for 7 days. Zoospores released from the sporangia by pouring 25 mM NH 4 HCO 3 solution were counted as colony-forming units on YBNM agar as described in Experimental procedures. Data are the mean values of the colony counts from at least three biological replicates 6 standard deviations.
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0 and 5 0 -nnGCA(A/C)CCG-n 4 -GCA(A/ C)CCGn-3 0 , as the highly enriched sequences. The former motif exactly corresponds to the consensus promoter sequence of the flagellar genes, which is similar to the FliA-recognizing sequence in other bacteria (Jang et al., 2016) . This suggests that not only the flagellar genes but also many other TcrA-upregulating genes are transcribed by RNA polymerase containing a specific sigma factor, possibly a FliA homologue(s) (see below). Meanwhile, the latter motif, which contains a direct repeat, seems to be the TcrA-binding sequence, namely TcrA box. To determine the candidate genes directly activated by TcrA, we investigated the upstream regions from the 263 genes thoroughly for the TcrA box using the FIMO algorithm (http://meme-suite.org/tools/fimo). The 2500 to 150 regions were analyzed, where the translational start points of the downstream ORFs were defined as 11, and the threshold p-value was set as 0.001. As the result, 45 TcrA box-containing regions were discovered ( Fig. 5C and Supporting Information Table S3 ). Among them, 41 regions were shown to be bound by TcrA as described below.
Transcriptional regulation of flagellar genes by TcrA
In accordance with our initial expectation, the RNA-Seq analysis showed that the transcriptional levels of all flagellar genes were downregulated in the DtcrA strain (1.4-fold at least, 59.6-fold on average) ( Table 1) . We examined the transcriptional levels of nine flagellar genes in the wt and DtcrA strains by qRT-PCR, further verifying that TcrA activates the transcription of these flagellar genes; all of them were down regulated in the DtcrA strain (from 10-to 10 3 -fold) (Supporting Information Fig. S5 ). This result ensures the reliability of our RNA-Seq result in part. We previously reported that the flagellar genes in A. missouriensis are integrated into 11 transcriptional units (Jang et al., 2016) . Of the 11 transcriptional units, five have one or more TcrA boxes in each of their upstream regions. The first ORFs in these transcriptional units are fliD, flgB, AMIS_76300, flbD and fliQ (see Fig. 1A ).
To examine whether TcrA directly activates the transcription of these gene/operons, we purified a recombinant TcrA protein with a polyhistidine tag at its Nterminal end (TcrA-NHis) using E. coli as the host. TcrA-NHis was monomeric in a buffer as determined by gel filtration analysis (Supporting Information Fig. S6 ). We also prepared 32 P-labeled DNA probes that contain the upstream regions from fliD, flgB, AMIS_76300, flbD and fliQ (see Fig. 1A ) and used them for EMSAs. We used an unphosphorylated form of TcrA-NHis in this experiment, because two-component system response regulators generally show in vitro DNA-binding activity without phosphorylation. When probe 3 (90 bp containing the upstream region from AMIS_76300) or probe 5 (206 bp containing the upstream region from fliD) was used, a single retarded band was detected (Fig. 6A) . From the EMSA using probe 3, an apparent intrinsic dissociation constant for the TcrA-NHis-DNA complex was estimated to be 30 nM, which indicates that TcrA-NHis has a DNA-binding activity comparable to the DNA-binding activities of other response regulators (Hung et al., 2011; Wen et al., 2017) . From the analogy of well-characterized two-component regulatory system response regulators (Harrison-McMonagle et al., 1999; Blanco et al., 2002) , we speculate that a TcrA-NHis monomer should recognize and bind to the GCA(A/C)CCG sequence (half of the direct repeat) and that two TcrA monomers should cooperatively bind to the direct repeat sequence. To examine this speculation, we introduced mutations into probe 3 to eliminate either half of the direct repeat sequence; the first half CCCTGCACCCG and second half CTCTGCAACCG sequences were individually deleted to produce probes 3-M1 and 3-M2 respectively. As expected, no retarded signal was detected in the presence of TcrA-NHis for either mutated DNA fragment (Fig. 6B ). This result supports our notion that two TcrA monomers cooperatively bind to the direct repeat sequence. From this experiment, we concluded that the identified direct repeat functions as the TcrA box. It has already been reported that the response regulators ArcA and PhoP bind to direct repeat sequences (Park et al., 2013; He and Wang, 2014) . Meanwhile, in the EMSAs using probes 1 and 2 (148 and 246 bp containing the upstream regions from fliQ and flbD, respectively), two retarded signals were produced (Fig. 6A ). In each of the two regions, an additional copy of the TcrA box was found (Fig. 7A) . We speculate that two additional TcrA-NHis monomers should bind to the second TcrA box to produce the highly retarded signal. In addition, a very weak retarded signal with reduced mobility was detected in the EMSA using probe 4 (220 bp containing the upstream region from flgB) (Fig. 6A ). In this region, an additional half of the direct repeat was found (Fig. 7A ). An additional TcrA-NHis monomer may bind to this sequence. To summarize, TcrA-NHis was shown to bind to all five TcrA box-containing sequences found in the regulatory regions for flagellar genes.
TcrA directly regulates at least 34 transcriptional units including two fliA genes From the observation that many TcrA-upregulating genes have a putative FliA-recognizing promoter, TcrA was suggested to activate the transcription of one or more genes encoding a FliA-family sigma factor that probably recognizes the conserved promoter sequences of flagellar genes. Among the seven genes that encode the FliA/WhiG-family sigma factors in the A. missouriensis genome, three were significantly downregulated in the DtcrA strain in the comparative transcriptome analysis, AMIS_41310 (86.5-fold), AMIS_62620 (97.9-fold) and AMIS_64240 (120.3-fold), which are called fliA1, fliA2 and fliA3, respectively, hereafter. Among these three genes, fliA1 and fliA3 have TcrA boxes in their upstream regions (Fig. 7A and D and Supporting Information Table S3 ). Thus, we prepared two 32 P-labeled DNA probes, probes 6 and 7 (153 and 219 bp containing the upstream regions of fliA1 and fliA3, respectively), and used them for EMSAs. These probes produced retarded signals in the presence of TcrA-NHis, although the binding affinity of TcrA-NHis to probe 7 appeared to be much lower than that to probe 6 (Fig. 6C ). This result indicates that TcrA directly regulates fliA1 and fliA3.
To determine whether TcrA binds to all 45 TcrA boxes (including multiple ones) identified in the in silico search (Supporting Information Table S3 ), the binding of TcrA-NHis to the remaining 38 regions was examined by competitive EMSAs against 32 P-labeled probe 3. The TcrA-NHis-binding to probe 3 was not influenced at all in the presence of probes 9, 10, 22 and 43 (the upstream regions from AMIS_9830, AMIS_11580, AMIS_41600 and AMIS_25430, respectively), indicating that TcrA-NHis does not bind to the TcrA boxes on these four fragments. In contrast, the TcrA-NHisbinding to probe 3 was effectively competed in the presence of the remaining 34 probes, indicating that TcrA-NHis bound to these 34 regions (Fig. 6D) . Thus, the EMSAs and competitive EMSAs showed that TcrANHis bound to the 41 TcrA box-containing fragments in total. P-labeled probes for EMSAs were designed for fliQ (probe 1), flbD (probe 2), AMIS_76300 (probe 3), flgB (probe 4) and fliD (probe 5). B. Confirmation of TcrA-NHis-binding to the TcrA box. EMSAs were performed using the three 32 P-labeled probes. Probes 3-M1 and 3-M2 lack the upstream and downstream halves, respectively, of the direct repeat in probe 3. C. Binding of TcrA-NHis to the promoter-containing regions of fliA1 and fliA3. The 32 P-labeled probes were designed for fliA1 (probe 6) and fliA3 (probe 7). D. Competitive EMSAs for the other 38 TcrA box-containing regions. TcrA-NHis (25 nM) was incubated with 32 P-labeled probe 3 in the presence of an approximately 10-fold excess of competitor DNA fragments (cold probes 8-45, see Table S3 for the corresponding genes). Cold probe 3 was also used as a competitor DNA (positive control). The absence of the competitor is denoted by -. The positions of the wells and the TcrA-NHis-bound probes are shown by open and closed triangles respectively.
Next, we analyzed the positions of the 41 TcrA boxes in respect to the putative transcriptional start sites of the downstream genes (Fig. 7) . The transcriptional start points were predicted from our previous RNA-Seq (Jang et al., 2016) and unpublished dRNA-Seq analyses. Noticeably, the sequence motif corresponding to the Direct repeats of the TcrA box are shaded in yellow, and additional direct repeats or halves of the direct repeat found by visual inspection are shaded in light blue. Arrows indicate the directions of the direct repeat of the TcrA box. Bent arrows indicate the transcriptional start points predicted from our previous RNA-Seq (Jang et al., 2016) and unpublished dRNA-Seq analyses. Predicted putative FliA-recognizing promoters are shown in red. The probe identifiers used in the EMSAs and competitive EMSAs (Fig. 6) are also shown. A. Promoter regions with one or more TcrA boxes located on the sense strand upstream from the putative FliA-recognizing promoters. B. Promoter regions with one or more TcrA boxes located on the antisense strand upstream from the putative FliA-recognizing promoters. C. Promoter regions with one or more TcrA boxes located around the putative FliA-recognizing promoters [except those classified into (A) and (B)]. D. Promoter regions having one or more TcrA boxes and no putative FliA-recognizing promoter sequence.
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consensus promoter of flagellar genes was found in the upstream regions from the 27 putative transcriptional start points. We classified the 41 TcrA boxes into four groups (A-D) according to the following criteria: (i) the direction of the TcrA box toward the neighboring gene (on sense or antisense strand) and (ii) the presence of the consensus promoter of flagellar genes, that is, putative FliA-recognizing promoter. In group A (15 regions), putative FliA-recognizing promoters exist at appropriate positions in respect to the putative transcriptional start sites and the TcrA boxes are located on the sense strand upstream from the promoters with a spacer of 7-8 or 17 nucleotides (Fig. 7A) . In this group, an additional TcrA box and an additional half of the direct repeat are present in three and nine regions respectively. In group B (five regions), putative FliA-recognizing promoters are present and the TcrA boxes are located on the antisense strand upstream from the promoter with a spacer of 5 or 15-16 nucleotides (Fig. 7B) . In this group, another TcrA box exists with a spacer of three nucleotides from the original TcrA box in one region and an additional half of the direct repeat is present in another region. In group C (seven regions), putative FliArecognizing promoters are present, but the TcrA boxes are not located in appropriate positions; five TcrA boxes overlap with the promoter sequences, and the other two TcrA boxes are located in the downstream or far upstream regions from the promoters (Fig. 7C) . Considering the locations of the TcrA boxes in respect to the promoter sequences, we speculate that the TcrA-NHisbinding to the TcrA boxes in this group should not contribute to the transcriptional activation. In group D (14 regions), no putative FliA-recognizing promoter exists in appropriate positions (Fig. 7D) . In this group, the TcrA boxes are located upstream from the putative transcriptional start points with the spacer of 41-52 nucleotides. These locations coincide with those of the TcrA boxes in groups A and B, supporting that the TcrA-NHis-binding to these TcrA boxes is suitable for transcriptional activation. In this group, an additional TcrA box and an additional half of the direct repeat are present in eight and four regions respectively. Although we have established the consensus promoter sequence for house-keeping genes, T(T/C)G(G/A)Cn-n 15-19 -TAnnnT, through our RNA-Seq analyses, we could not find such a sequence in the upstream regions from the 14 genes of group D.
The regularity of the positions of TcrA boxes in respect to the putative promoter sequence or putative transcriptional start sites in groups A, B and D strongly supports that these TcrA boxes are functional and TcrA activates these target genes. Thus, we propose that TcrA directly regulates the expression of the 34 transcriptional units that contain TcrA boxes categorized into groups A, B and D. It should be noted that such categories do not reflect the transcriptional activation levels of the target genes. We suspect the functionality of TcrA boxes categorized into group C and speculate that the transcription of the seven transcriptional units in group C should be activated through either (or any two or all) of the three FliA-family sigma factors (FliA1, FliA2 and FliA3) whose transcription is activated by TcrA directly (fliA1 and fliA3) or indirectly (fliA2). We also speculate that 20 transcriptional units in groups A and B should be controlled by both TcrA and the FliA-family sigma factor(s) (see Discussion). In this way, we could identify TcrA regulon, although our attempt to identify in vivo TcrA-binding sites by ChIP-Seq using anti-TcrA antibody ended in failure.
Discussion
In this study, we revealed that TcrA plays a pivotal role in morphological differentiation of A. missouriensis. During vegetative growth, tcrA is repressed by AmBldD, which serves as the global transcriptional repressor of the genes involved in sporangium formation (Mouri et al., 2017) . In response to the transition from vegetative growth to sporangium formation, TcrA is produced and supposedly phosphorylated to activate many genes presumably responsible for sporangium formation. We propose that TcrA directly activates the transcription of 34 transcriptional units, of which 20 possess a putative FliA-recognizing promoter (Fig. 7) . Using the FIMO algorithm, we found putative FliA-recognizing promoters in the upstream regions from 122 other transcriptional units that are activated indirectly by TcrA (Supporting Information Table S4) . From these data, we propose that TcrA regulates a few hundred genes through the transcriptional activation of the FliA-family sigma factor genes (fliA1, fliA2 and/or fliA3) besides its own regulon. At least 20 transcriptional units seem to be under the direct control of both TcrA and FliAs, emphasizing the importance of the regulatory network composed of TcrA and FliA-family sigma factors (Fig. 8) . While an apparent TcrA ortholog is not encoded in Streptomyces, two orphan response regulators, BldM and WhiI, have been reported to be important for Streptomyces morphological development. These two regulators form a functional heterodimer to integrate signals from distinct regulatory pathways (Al-Bassam et al., 2014) .
We revealed that TcrA directly activates the transcription of fliA1 and fliA3. Although there is no TcrA box in the upstream region of fliA2, we found a putative FliArecognizing promoter sequence in the upstream region of fliA2 (Supporting Information Table S4 ), which can give a possible explanation of the TcrA-dependent transcriptional activation of fliA2. However, further experiments, such as the determination of exact transcriptional start point(s) of fliA2 and in vitro transcription assays, are required for elucidating the molecular mechanism of transcriptional activation of fliA2. Meanwhile, it is noteworthy that fliA1 possesses a putative FliArecognizing promoter in its upstream region, suggesting that a feed-forward or hierarchical regulatory network by the FliA-family sigma factor(s) is employed in A. missouriensis. Furthermore, a putative FliA-recognizing promoter sequence was also found approximately 50 nucleotides upstream from the TcrA-dependent promoter of fliA3 (Supporting Information Table S4 ), suggesting that fliA3 is transcribed also from this additional promoter in a FliA(s)-dependent manner. This finding further supports the feed-forward or hierarchical regulatory network by the FliA-family sigma factor(s). Functional analysis of FliA1, FliA2 and FliA3, as well as detailed transcriptional analysis of fliA1, fliA2 and fliA3, are in progress in our laboratory.
Regarding the flagellar genes, five transcriptional units (fliQ, fliD, flgB, flbD and AMIS_76300 gene/operons) are under the control of both TcrA and FliAs, and the remaining six transcriptional units (fliW, flgN, fliC, flhA, fliM and flgD genes/operons) are regulated only by FliAs (Fig. 8) . We have previously classified the flagellar genes into four groups, group (i) to group (iv), according to their time course of the transcriptional profiles (Jang et al., 2016) . The five transcriptional units directly activated by TcrA completely correspond to the members of group (i), in which the transcripts were increased on day 6 compared with day 3 and kept at a high level even at day 40. Although we cannot explain this transcriptional profile by the dual regulation of these transcriptional units by TcrA and FliAs, it is very reasonable that transcriptional units with the same transcriptional profile are under the control of the same regulatory system. The cooperative and hierarchical transcriptional control by TcrA and FliAs is probably required for the flagellar biogenesis in A. missouriensis.
Apart from flagellar genes, TcrA activates many genes directly or indirectly (Fig. 8) . TcrA activates the transcription of the che-1 gene cluster, 16 putative methylaccepting chemotaxis protein (MCP) genes and two MCPlike protein (Mlp) genes, which are probably required for the chemotactic behavior of zoospores. The pil gene cluster for the pili biogenesis is also under the transcriptional control by TcrA. Interestingly, transcription of the 16 genes encoding putative diguanylate cyclase/phosphodiesterase are activated by TcrA, suggesting that the signal transduction mediated by c-di-GMP plays an important role during sporangium formation and dehiscence in A. missouriensis. The tetrameric c-di-GMP mediates the dimerization of BldD and controls the progression of morphological differentiation in S. venezuelae (Tschowri et al., 2014; Schumacher et al., 2017) . A similar regulation has been proposed in A. missouriensis (Mouri et al., 2017) . We speculate that several proteins other than AmBldD should be also regulated by cdi-GMP in A. missouriensis. Transcriptional activation by TcrA of 16 and 4 genes encoding putative sensor histidine kinases and response regulators, respectively, implies the presence of further regulatory networks. Considering the phenotypic changes observed in the DtcrA mutant, these unknown regulatory networks involving c-di-GMP and HisAsp phosphorelay, as well as other TcrA-dependent function-unknown proteins, appear to be involved in many aspects of morphological development of A. missouriensis. For example, sporangia did not release zoospores under the dehiscence-inducing condition in the DtcrA mutant, although flagella on the spore surface are not required for the spore release from the sporangium (Jang et al., 2016) . This result indicates that TcrA is involved in the transcription of genes required for the sporangium dehiscence. Many distorted spores and some ectopically germinating spores were observed in the DtcrA mutant sporangia, indicating that TcrA is involved in the transcription of genes required for spore dormancy. The sporangia of the DtcrA mutant were squashed by the pre-treatment for SEM observation, indicating that TcrA is also required for the transcription of genes for completing the sporangium formation.
We conclude that TcrA is a global transcriptional activator that controls many aspects of sporangium formation in A. missouriensis. Considering that TcrA orthologs are highly conserved among Actinoplanes bacteria, we expect that the global regulation of TcrA for pleiotropic phenotypic features is common in this genus. No analogous regulatory system is used for regulating morphological development in the genus Streptomyces, and therefore the finding of TcrA regulon and TcrAdependent regulatory networks involving FliAs, c-di-GMP and His-Asp phosphorelay systems will be a milestone in the study of morphological development of rare actinomycetes. Further detailed analyses, including examinations of the effects of TcrA-binding site mutations on the transcription of each target gene and functional studies on the TcrA-regulated genes, are required to understand the regulatory mechanisms of sporangium formation in A. missouriensis. The identification of the sensor histidine kinase(s) that phosphorylates and activates TcrA is also of great interest.
Experimental procedures
Bacterial strains, plasmids, media and primers A. missouriensis 431 T (NBRC 102363 T ) was obtained from the National Institute of Technology and Evaluation (NITE, Chiba, Japan). A. missouriensis was grown on YBNM or HAT agar at 308C for solid culture and in PYM liquid at 308C for liquid culture as previously described (Mouri et al., 2017) . GYMC agar medium (Mouri et al., 2017) was used for transformation by conjugation with E. coli ET12567 (pUZ8002). E. coli ET12567 (pUZ8002) was obtained from the John Innes Centre (Norwich, UK) and used as the donor in intergeneric conjugation. The RK2 derivative plasmid pUZ8002 is not self-transmissible but supplies a mobilization function for oriT-containing plasmids in trans. E. coli JM109, pColdI and pUC19 were purchased from Takara Biochemicals (Shiga, Japan). E. coli BL21(DE3) and E. coli BLR(DE3) were purchased from Merck Millipore (Darmstadt, Germany). The media and growth conditions for E. coli were those described by Maniatis et al. (1982) . Apramycin (50 mg ml 21 ), spectinomycin (50 mg ml
21
) and ampicillin (50 mg ml 21 ) were added when necessary. Primers used in this study are listed in Supporting Information Table S5 .
Preparation of cells for protein and RNA extraction A. missouriensis vegetative hyphae were prepared from the mycelia grown in PYM liquid for 48 h (V in Fig. 1B and  C) . Substrate hyphae were harvested with a spatula from the mycelia grown on HAT agar for 1 day (S 1 ). Mixtures of substrate hyphae and sporangia were harvested with a spatula from the mycelia grown on HAT agar for 3 and 6 days (S 3 and S 6 ). Meanwhile, sporangia were scraped together with a spatula from the mycelium grown on HAT agar for 6 days to exclude substrate hyphae as much as possible. The sporangia obtained were suspended in 25 mM histidine solution and rotated at room temperature to induce sporangium dehiscence. In this procedure, cells were collected at 0, 15 and 60 min rotations by centrifugation at 21,880 g for 10 min (D 0 , D 15 and D 60 ). The D 0 and D 15 samples contained, respectively, sporangia at the initial stage and in the process of sporangium dehiscence. The D 60 sample contained released zoospores. To prepare germinating cells, zoospores were suspended in PYM liquid and incubated at 308C for 4 h. Then, the germinating cells were collected by centrifugation at 21,880 g for 10 min (G).
Protein extraction and Western blotting
Cells were disrupted by rubbing with a mortar and pestle, and the cell lysate was mixed with lysis buffer (50 mM Tris-HCl and 150 mM NaCl, pH 8.0). After the debris was eliminated by centrifugation at 12,000 g for 30 min, the protein concentration of the supernatant was determined using Bradford reagent (Bio-Rad). Then, 2 lg of protein was analyzed by SDS-PAGE (12.5% polyacrylamide gel) in duplicate. One gel was stained with Coomassie brilliant blue (CBB), and the other was used for protein transfer to Immobilon-P polyvinylidene difluoride (PVDF) membrane (Merck-Millipore). Anti-TcrA polyclonal antibody was produced in rabbits using purified TcrA-NHis protein as the antigen (Eurofins Genomics, Tokyo, Japan). Horseradish peroxidase-coupled anti-rabbit IgG (KPL, Milford, MA) was used as the secondary antibody and detected by chemiluminescence using Clarity Western enhanced chemiluminescence (ECL) substrate (Bio-Rad) and ImageQuant LAS 4000 system (GE Healthcare, Chicago, IL).
RNA extraction
Cells were disrupted by rubbing with a mortar and pestle, and the cell lysate was mixed with the lysis/binding solution of RNAqueous Total RNA Isolation Kit (Thermo Fisher Scientific, MA). After the debris was removed by centrifugation at 21,000 g for 5 min, total RNAs were extracted according to the manufacturer's instructions. The total RNAs were treated with DNase I to eliminate contaminating genomic DNA and purified by phenolchloroform extraction and ethanol precipitation. The quality of the isolated RNAs was assessed by agarose gel electrophoresis.
qRT-PCR
Total RNA samples (0.5 lg each) were used for reverse transcription reactions for first-strand cDNA synthesis using the ThermoScript RT-PCR system (Thermo Fisher Scientific) according to the manufacturer's instructions. Following RNase H treatment, the synthesized cDNA libraries were used as templates for PCR. Quantitative PCRs were performed with the SYBR premix Ex Taq II reaction mixture (Takara Biochemicals) using the SmartCycler II real-time PCR system (Cepheid, CA) under the following conditions: 5 min at 958C, followed by 40 cycles of 5 s at 958C and 20 s at 608C. The rpoB or 16S rRNA gene was used as an internal standard. All reactions were performed in triplicate, and the data were normalized using the average for the internal standard.
S1 nuclease mapping
Total RNA was extracted from the mixture of vegetative hyphae and sporangia of the wt strain grown on Czapek dox agar medium (BD, NJ) at 308C for 7 days. A. missouriensis forms sporangia by cultivating on this agar medium as well as on HAT agar. S1 nuclease mapping was performed by the method described by Bibb et al. (1985) and Kelemen et al. (1998) . A hybridization probe for the tcrA transcript was prepared by PCR with 32 P-labeled primer (S1.tcrA.r) and unlabeled primer (S1.tcrA.f). The labeled primer was prepared by labeling at the 5 0 end with [g-32 P]ATP (PerkinElmer, MA) using T4 polynucleotide kinase (Takara Biochemicals), prior to PCR. For hybridization, 40 mg of the total RNA was used. Protected fragments were analyzed on a 6% polyacrylamide DNA sequencing gel according to the method of Maxam and Gilbert (1980) .
Construction of the DtcrA mutant
For construction of a DtcrA mutant, the upstream and downstream regions of tcrA were amplified by PCR. The DNA fragments amplified were digested with EcoRI and XbaI (for the upstream region) and XbaI and HindIII (for the downstream region) and cloned into pUC19 digested with the same restriction enzymes, generating pUC19-DtcrA-u and pUC19-DtcrA-d. Plasmids pUC19-DtcrA-u and pUC19-DtcrA-d were sequenced to confirm that no PCR-derived error was introduced. The fragments were digested with EcoRI and XbaI (for the upstream region) and XbaI and HindIII (for the downstream region), and cloned together between the EcoRI and HindIII sites of pK19mobsacB (Schafer et al., 1994) , whose kanamycin resistance gene had been replaced with the apramycin resistance gene aac(3)IV (Mouri et al., 2017) , generating pK19mobsacB-DtcrA. Plasmid pK19mobsacB-DtcrA was introduced into A. missouriensis by conjugation as described previously (Jang et al., 2016) . Apramycin-resistant colonies resulting from a single crossover recombination were isolated. One of them was cultivated in PYM liquid medium at 308C for 36 h, and the mycelia suspended in 0.75% NaCl solution were spread onto Czapek dox agar medium (BD) containing 10% sucrose. After incubation at 308C for 3-7 days, the sucrose-resistant colonies were inoculated onto YBNM agar with or without apramycin to confirm that they were sensitive to apramycin. The apramycin-sensitive and sucroseresistant colonies resulting from the second crossover recombination were isolated as candidates for the DtcrA mutant. The disruption of tcrA was confirmed by Southern hybridization using an appropriate probe amplified by PCR (Supporting Information Fig. S3 ).
Construction of recombinant strains for complementation test
The apramycin resistance gene aac(3)IV was amplified by PCR and blunt-ended using T4 DNA polymerase (Takara Biochemicals). This DNA fragment was cloned into the EcoRV site of pTYM19 (Onaka et al., 2003) , generating pTYM19-Apra. A 1.5-kbp DNA fragment containing the promoter and coding sequences of tcrA was amplified by PCR. The amplified fragment was digested with EcoRI and HindIII and cloned between the EcoRI and HindIII sites of pTYM19-Apra, resulting in pTYM19-Apra-tcrA. For the mutant TcrA (D52N) production, pTYM19-Apra-tcrA was used for site-directed mutagenesis. The mutated DNA fragment was amplified by overlap extension PCR. The amplified fragment was digested with EcoRI and HindIII and cloned between the EcoRI and HindIII sites of pTYM19-Apra, resulting in pTYM19-Apra-tcrA (D52N). Plasmids pTYM19-Apra-tcrA and pTYM19-Apra-tcrA (D52N) were sequenced to confirm that no PCR-derived error was introduced and introduced into the DtcrA mutant by conjugation as described previously (Jang et al., 2016) . Apramycinresistant A. missouriensis colonies were obtained.
SEM
The wt and DtcrA mutant strains were grown on HAT agar at 308C for 7 days. SEM was performed with the S-4800 scanning electron microscope (Hitachi, Tokyo, Japan) as described previously (Yamazaki et al., 2000) .
TEM
A. missouriensis cells were mounted on a copper grid to form a thin layer and immersed in liquid propane cooled with liquid nitrogen (-1878C) in a Leica EM CPC cryoworkstation (Leica Microsystems, Wetzlar, Germany). The frozen cells were transferred to anhydrous acetone containing 2% OsO 4 at 2808C in a Leica EM AFS automatic freezesubstitution apparatus (Leica Microsystems), held at 2808C for 78 h, warmed gradually to 08C over 11.4 h, held at 08C for 1.5 h, warmed gradually to 238C over 3.9 h, and at 238C for 2 h. After washing three times with anhydrous acetone, the samples were infiltrated with increasing concentrations of Spurr's resin in anhydrous acetone, and finally with 100% Spurr's resin. After polymerization (5 h at 508C with 608C) in capsules, ultrathin sections were cut on a Leica Ultracut UCT microtome (Leica Microsystems) and stained with uranyl acetate and lead citrate. The sections were then viewed on an H-7650 electron microscope (Hitachi, Tokyo, Japan) at 100 kV.
Regulation of sporangium formation in Actinoplanes 731
V C 2018 John Wiley & Sons Ltd, Molecular Microbiology, 107, [718] [719] [720] [721] [722] [723] [724] [725] [726] [727] [728] [729] [730] [731] [732] [733] 
